Vibrational and rotational excitation of the hydrogen molecule can significantly effect molecular reaction rates in low pressure low temperature plasmas, for example for the creation of H − /D − ions via the dissociative attachment process. In general, the rotational population in these discharges is known to be non-thermal with an overpopulation of states with high rotational quantum number N . In contrast to a sophisticated direct measurement of the rotational distribution in the X 1 Σ + g , v = 0 state, it is demonstrated that the determination can also be carried out up to high-N levels rather easily via optical emission spectroscopy utilizing the Fulcher-α transition of H 2 and D 2 . The measured rotational populations can be described with a two-temperature distribution where the cold part reflects the population according to the gas temperature of the discharge. This has been verified by using the emission of the second positive system of nitrogen as independent gas temperature diagnostic. The hot part where the rotational temperature reaches several thousand Kelvin arises most probably from recombinative desorption of hydrogen at the discharge vessel wall where parts of the binding energy are converted into rotational excitation. Neglecting the hot population -what is often done when using the Fulcher-α transition as gas temperature diagnostic -can lead to a strong overestimation of T gas . No fundamental differences in the rotational distributions between hydrogen and deuterium have been found, only the hot rotational temperature is smaller for D 2 indicating an isotope-dependency of the recombinative desorption process.
Introduction
For hydrogen discharges, it is well known that rovibrational excitation of the H 2 molecule can have a significant impact on several molecular reaction rates. The correct consideration of these processes plays a key role for a detailed understanding of these plasmas, for example concerning H − or D − densities in negative hydrogen ion sources [1] . In the plasma volume, H − /D − ions are formed by dissociative attachment of electrons to the hydrogen molecule. For H 2 (D 2 ), the reaction rate increases by five (seven) orders of magnitude if the molecule is vibrationally excited to a state with the vibrational quantum number v = 5 (v = 6) [2] . Rotational excitation has an analogous effect as the rate is only dependent on the total internal energy of the molecule and not on the exact fraction of the energy in the particular rotational or vibrational modes [3] .
In low pressure hydrogen discharges the rotational levels in the electronic ground state are known to be populated in a non-thermal way: Rotational states with low rotational quantum number follow a Boltzmann distribution according to the gas temperature of the discharge whereas those levels with high quantum number are overpopulated by several orders of magnitude (see for example [4, 5, 6, 7, 8, 9] for hydrogen and [10, 11, 12] for deuterium). Different processes that could contribute to the overpopulation in general have been evaluated in detail in [9] . It turned out that the reaction behind the overpopulation -which is present in all vibrational states -is most probably recombinative desorption of hydrogen at the wall of the discharge vessel where parts of the energy from the exothermic reaction are converted into rotational excitation.
Despite the high overpopulation of the rotational states and its potentially considerable influence on the molecular reaction rates, direct measurements of rovibrational populations in the electronic ground state are rarely carried out. This arises from the fact that rather complex and expensive diagnostic methods such as coherent anti-Stokes Raman scattering (CARS) spectroscopy [7, 10, 11] , resonantly enhanced multi-photon ionization (REMPI) [4] , VUV laser absorption spectroscopy [5, 6] or laser induced fluorescence (where the laser radiation is generated via stimulated anti-Stokes Raman scattering) [8, 9] are required.
In contrast, the determination of the rotational population of the v = 0 level in the electronic ground state presented in this paper is based on optical emission spectroscopy measurements of the Fulcher-α transition (
). This emission band is located in the visible spectral range and is routinely evaluated for obtaining the gas temperature of a discharge from the rotational population of the d 3 Π u state since Lavrov's pioneering work [13, 14, 15] . Typically, these measurements are restricted to levels with rather low rotational quantum numbers. In this paper, the evaluation of the Fulcher-α transition is extended to the first twelve (for D 2 13) rotational levels what allows an easy assessment of the non-thermal part of the rotational population. It should be noted that such a distribution may also alter the direct correlation between the rotational temperature and the gas temperature T gas in general [16] . In order to check if T gas corresponds to the rotational temperature of the low lying states, measurements with varying nitrogen admixtures to hydrogen and deuterium plasmas have been carried out. From the evaluation of the emission arising from the second positive system of nitrogen, a reliable value for the gas temperature can be obtained [16] .
The Fulcher-α transition of molecular hydrogen
The Fulcher-α spectrum which arises from the transition from the d 3 Π u into the a 3 Σ + g state is located between 520 and 770 nm but the most intense part lies at 590 − 650 nm. It is typically the most intense emission of the hydrogen molecule in low pressure plasmas why it is often utilized for diagnostics concerning the rotational or vibrational population. Details of the Fulcher-α transition and the properties of the involved electronic states have been described extensively multiple times (see for example [17, 14] [18, 19] leading to anomalies in the intensities of the emitted lines [20] .
In the upper d 3 Π − u state, the dissociation limit of H 2 to H(1s) and H(2s) is located between the energy levels of the vibrational states v ′ = 3 and v ′ = 4 [21, 22] . Predissociation leads to non-radiative decay of the states and therefore the Fulcher-α emission gets considerably weaker for transitions involving states with v ′ ≥ 4 [23] . For deuterium the limit is between the states v ′ = 4 and v ′ = 5 and transitions from v ′ ≥ 5 are much weaker [18] . Therefore, the evaluations carried out in this paper are restricted to the vibrational states v ′ = 0, 1, 2 & 3 both for deuterium and hydrogen. In addition, only the diagonal vibrational transitions with v ′ = v ′′ are considered as they represent the most intense emission bands within the electronic transition. Figure 1 shows an exemplary Fulcher-α emission spectrum of hydrogen where the position of the Q lines from the first four diagonal vibrational transitions are depicted. The line positions have been taken from [24] . Figure 2 shows the same spectrum but for deuterium, the line positions have been taken from [25] . Due to the larger mass of the deuterium molecule, the wavelength separation of the individual emission lines is smaller in comparison to hydrogen. A zoom into the region just above 600 nm is depicted in Figure 3 in order to demonstrate that the individual lines of the Fulcher-α transition are well resolved both for H 2 and D 2 with the utilized spectroscopic setup (see section 4 for details on the setup). This is important for the detailed evaluation described in this paper.
In low pressure low temperature discharges, the d 3 Π − u state is predominantly populated by electron impact excitation out of the ground state X 1 Σ + g [14, 17] . It has been shown that the selection rule ∆N = 0 holds for this process (for denoting the rotational levels the quantum number N should be used instead of J as the electronic states belong to Hund's coupling case b) [17] which means that the rotational distribution is preserved during the excitation process. In the − u state a redistribution of the rotational population, for example by inelastic heavy particle collisions, does not occur as the lifetime of the considered vibrational levels is rather short being around 40 ns both for H 2 and D 2 [26] . Furthermore, the contribution of cascades from higher lying electronic states to the population of the d 3 Π u state has been estimated to 10% in a discharge with high electron temperatures and densities of T e = 100 − 200 eV and n e ≈ 10 18 m −3 [17] . In typical low pressure low temperature plasmas the effect of cascades is even smaller and therefore negligible. In summary, the rotational population determined via the Q branch emission can be considered as a direct image of the ground state rotational distribution.
This fact is employed in using the Q branch emission of the Fulcher-α transition as gas temperature diagnostic (see for example [13, 14, 15, 27, 28, 29] ). Via optical emission spectroscopy measurements, the emissivity ǫ 
When a Boltzmann distribution according to the rotational temperature T rot is present in the rotational levels, the population density can be parametrized as
where g denotes the degeneracy arising from the nuclear spin and ∆E rot (N ′ ) is the energy difference between the level N ′ and the lowest rotational level [30] . Using the above two equations, the following proportionality for the emissivity is ensued:
Hence, plotting ln ǫ
yields the rotational temperature via the slope of a linear fit. For hydrogen, the nuclear-spin degeneracy leads to an intensity alteration of the lines originating from odd or even numbered rotational levels by three to one (for deuterium, the alteration is in reverse one to two) [30] . As the magnitude of triplet splitting is very small and cannot be resolved for the Fulcher-α 3 Π → 3 Σ transition, the emission has the appearance of a singlet 1 Π → 1 Σ transition [19] and the corresponding formulas for the Hönl-London factors [30] can be used.
In order to correlate the rotational temperature
′ state of the Fulcher-α transition with the one in the ground state
, a correction with the ratio of the rotational constants B v of the ground and excited state (which can be found in [31] ) has to be carried out [16, 32] :
In the electronic ground state the rotational levels usually thermalize with the heavy particles (at least the levels with small N ) which means the determined value of T rot X 1 Σ + g , v = 0 is assumed to be equal to the gas temperature. It should be noted, that a simplification is made during this back-projection of the rotational population from the excited to the ground electronic state: Equation (4) (4) leads to an overestimation of T rot X 1 Σ + g , v = 0 in general, although the effect is only 10% in maximum both for H 2 and D 2 for T vib < 10 000 K. Therefore the simplification can be regarded legitimate for all the considered vibrational levels of the d 3 Π − u state. As already pointed out, the rotational levels in the electronic ground state typically follow a non-Boltzmann distribution. The shape can be described by a two-temperature population where the states with N 5 follow a "cold" population according to the gas temperature whereas the "hot" rotational temperature is in the range of a few thousand K and describes levels with N 7. In low pressure low temperature discharges, the most probable process behind the hot distribution is the recombinative desorption of hydrogen occurring at the wall of the discharge vessel [9] . This process strongly depends on the surface material, its temperature and the amount of atomic hydrogen or impurity particles present on the surface (see for example [34, 35, 36, 37, 38, 39] ) which makes a quantitative consideration very difficult.
Concerning the utilization of the Fulcher transition for determining the gas temperature, it is important to check which levels are described by the cold temperature and which are not. Often the first four to five rotational levels in the electronic ground state thermalize with the gas temperature (see for example [5, 6, 8, 9, 11, 12] ) but this strongly depends on the value of the gas temperature: When its value decreases -for example due to active cooling of the discharge vessel -the number of levels which are in thermal equilibrium with T gas also decreases due to the lower energy of the heavy particles [27, 40] . As a a-priori assessment of the number of thermalized levels is hardly possible, a consideration of non-thermalized levels in the evaluation can lead to an overestimation of the gas temperature (this will be demonstrated in sections 5.1 and 5.2). Therefore care has to be taken which levels are assigned to the cold population [32] .
Gas temperature determination via the second positive system of nitrogen
One of the standard molecular emission bands used for determining the gas temperature of a discharge via OES is the C 3 Π u → B 3 Π g transition (also called the second positive system) in N 2 [16] . Due to the higher mass of nitrogen compared to hydrogen, the individual rovibrational lines of this transition cannot be resolved. The emission can only be separated into vibrational bands which are grouped together in sequences according to the difference of the upper and lower vibrational quantum number ∆v = v ′ − v ′′ in a wavelength interval from 280 to 470 nm. Due to the strong overlap which makes a direct determination of the rotational population impossible, a simulation of the relative intensity of the emission band has been implemented.
The simulation calculates a vibrational population in the electronic ground state X 1 Σ + g according to a Boltzmann distribution with a vibrational temperature T vib . This population is projected into the excited C 3 Π u state according to the Franck-Condon principle (the Franck-Condon factors are taken from [41] ) which implies an electron impact excitation process. In the next step, the rotational population is calculated for each vibrational level in the C 3 Π u state assuming a Boltzmann distribution with a rotational temperature T rot . For determining the wavelength position of the rovibrational emission lines, the energy levels of the individual states within the electronic C 3 Π u and B 3 Π g states have to be known. There exist three sub-states each (as they are 3 Π states) and both states can be assigned to Hund's case (a) for low rotational quantum number, changing to (b) with high J. Λ-doubling can be neglected due to the small splitting of less than 10 −4 eV [30] . The formulas for deriving the energy of the rovibrational levels are taken from [30] whereas the required coupling constants and molecular constants can be found in [42] and [43] respectively. All 27 possible branches are considered for determining the emission spectrum in the simulation. The Hönl-London factors and transition probabilities A v ′ ,v ′′ ik needed for calculating the relative intensity of the particular rovibrational emission line can be found in [44] and [41] . For the Gaussian profile of the particular emission lines, the full width at half maximum of the apparatus profile is used in the simulation as the Doppler width of N 2 emission is much more smaller being in the range of 1 pm for the typical heavy particle temperatures in low pressure discharges.
In general, both the vibrational temperature and the rotational temperature of the N 2 molecule can be determined from the simulation of the band system. However, for the gas temperature evaluation presented in this paper only the simulation of the ∆v = 0 − 2 = −2 band located at 380 nm is considered which is one of the standard band utilized for this purpose [16] . Its simulated relative intensity is fitted to the measured one via varying the rotational temperature (see Figure 4 for an exemplary fit of simulated spectrum to a measured one). The determined value of T rot C 3 Π u , v ′ = 0 has to be corrected according to the rotational constants for obtaining the gas temperature [16] similarly to the Fulcher transition in hydrogen:
The error for the determination of the gas temperature is strongly dependent on the spectral resolution of the optical system. For low resolution, the structure of the emission band smears out leading to a high error. For the present spectroscopic setup, the error can be estimated to be ∆T gas ≈ ±50 K.
Experimental setup
The experimental setup consists of a cylindrical quartz glass discharge vessel which has a length of 40 cm and a diameter of 10 cm. The vessel is attached to the vacuum system at the ends of the cylinder (see Figure 5) . A helical ICP antenna with five windings is utilized. It is placed in the middle of the discharge vessel with respect to the axial direction. The solenoid is connected to the RF generator which operates at a frequency of 13.56 MHz via a matching network. The investigations presented in this paper have been carried out at the maximum available RF power of 600 W unless specifically noted otherwise. The working gas is fed to the discharge vessel from the left and is pumped at the right side where the pressure is adjusted via limiting the pumping speed. The working gas pressure is measured via a capacitive pressure gauge before plasma ignition whereas the background pressure which is typically below 10 −7 mbar is measured with a cold cathode gauge.
Optical emission spectroscopy measurements are performed with a wavelength and absolutely calibrated high-resolution spectrometer (Acton Series SP2756i, grating with 1800 grooves/mm, Princeton Instruments PIXIS:2KB CCD camera) along an axial line of sight (radially centered, LOS depicted in Figure  5 ). The width of the LOS is limited by a 1 cm aperture stop placed in front of the light collecting optics. It consists of a quartz lens which collimates the plasma emission into an optical fiber placed in the focal point of the lens. The fiber guides the light towards the entrance slit of the spectrometer. The full width at half maximum of the Gaussian apparatus profile is 18 pm at a wavelength of 650 nm. Such a resolution is required for separating the individual Q lines of the Fulcher transition for hydrogen and deuterium. It should be noted that the measured line intensities represent line-of-sight averaged values, therefore also the measured rotational populations and hence the determined temperatures have to be treated as line-of-sight averaged. 
Results and discussion

Hydrogen plasmas
In all investigated discharges the non-Boltzmann character of the rotational population is evident and very similar to the studies carried out by other groups mentioned in the introduction. As demonstrated in Figure 6 for v ′ = 0, the rotational distribution in the individual vibrational states can be fitted very well by assuming a two-temperature distribution for the rotational population according to
where n N ′ denotes the relative population in the state with rotational quantum number
are Boltzmann populations according to a cold temperature T rot, 1 and a hot temperature T rot, 2 respectively. The parameter β is a weighting factor. The two-temperature characteristics is also present in the v ′ = 3 state, but a fit cannot be carried out due to the influence of predissociation on higher lying N states.
The determination of the hot temperature via a fitting routine is sometimes difficult as the emission lines from the high rotational states are rather weak and overlapped, especially when nitrogen emission is present. The most reliable fit of T rot, 2 is obtained in the v ′ = 0 state as the corresponding emission lines are stronger compared to those from the higher vibrational levels. Therefore, the hot temperature is only fitted in this state and T rot, 2 of the v ′ = 1 and 2 states is calculated by the following approach: First, T rot, Table 1 summarizes the fitting parameters obtained for the 1 Pa hydrogen plasma (it also contains the fitting parameters for the nitrogen/hydrogen mixtures but they are discussed later). The cold rotational temperatures decrease with increasing vibrational quantum number which has also been observed in other studies [32] . As the relative rotational distribution is preserved during the electron impact excitation process (see section 2), the fitted temperature should only depend on the energy difference of the rotational states. As this energy difference decreases for higher v levels due to the decreasing rotational constants, also the rotational temperature decreases. When this effect is considered, an agreement of the cold rotational temperatures within the error bar is obtained. The same effect also leads to the decreasing behavior of the derived hot rotational temperatures.
The weighting factor of the hot population coincides within the error bar for v ′ = 1 and 2 whereas β is larger for v = 0. This can be explained as the population of the d 3 Π − u , v ′ = 0 state -in contrast to the v ′ = 1 and 2 statesoriginates from multiple vibrational levels in the X 1 Σ + g state (see section 2). As β seems to increase for higher vibrational states in the electronic ground [9, 45] ). Figure 7 shows the rotational distribution of the v = 0 state in the electronic ground state of hydrogen normalized to the level N = 1. It has been determined from projecting the rotational distributions of the d 3 Π − u , v ′ = 1 and 2 states into the ground state and averaging the obtained relative population densities. The shape of the obtained distribution is very similar to the ones obtained from rotational-state resolved recombinative desorption measurements of atomic hydrogen (see for example [46, 47] ) which encourages the hypothesis that the hot rotational population arises from this process. Although the weighting factor of the hot population is only 0.022, it leads to an overpopulation of more than 5 orders of magnitude for levels with high rotational quantum number compared to a pure Boltzmann distribution according to T rot, 1 . This demonstrates the necessity of considering the correct rotational population for calculating molecular reaction rates in low pressure hydrogen discharges.
In order to check if the cold rotational temperature coincides with the gas temperature, measurements have been performed for discharges operated at 1 Pa pressure with varying nitrogen admixture to hydrogen. From the emission of the second positive system of N 2 T gas can be obtained as described in section 3. Table 1 evaluation could not be carried out at all.
Within the vibrational levels, the rotational temperatures and the weighting factors follow the same trends for all nitrogen admixtures as described for pure hydrogen plasmas. For increasing N 2 content, an increase in T rot, 1 and β is observed whereas T rot, 2 decreases. An explanation of the behavior of the hot rotational temperature and the weighting factor requires the detailed consideration of the recombinative desorption process of atomic hydrogen. Unfortunately this cannot be carried out as on the one hand side the required data is not available in the literature. On the other hand side, also the exact conditions of the surface as the coverage with atomic hydrogen, the roughness of the surface, etc. are not know for the present experimental setup. However, the rising weighting factor points towards an increased importance of recombinative desorption with higher nitrogen content.
As the cold rotational temperature in the d 3 Π − u state is determined by the gas temperature, a projection of T rot, 1 into the ground state has been carried out. Figure 8 shows T rot, 1 X 1 , v = 0 calculated from the d 3 , v ′ = 0, 1, 2 states together with T gas evaluated from the second positive system of nitrogen. In general, a very good agreement concerning the rotational temperatures of hydrogen and nitrogen is obtained underlining the possibility of determining T gas via the Fulcher-α transition. As already indicated from the increasing values of T rot, 1 summarized in Table 1 , T gas increases with rising nitrogen content.
It can be seen from Figure 6 that only the first four rotational levels follow a linear trend and can therefore be described as thermalized with T rot, 1 . The fifth level, which is often also included in a linear fit for determining the gas temperature [32, 29] already deviates slightly from linearity what leads to an overestimation of T gas . The magnitude of this overestimation is strongly dependent on the relevance of the hot population which is described by the weighting factor. Table 2 shows a comparison of the cold rotational temperature obtained from the two-temperature fit with T gas derived from a linear fit considering the first five rotational levels for the 1 Pa hydrogen discharge. For the two-temperature fit, the fitting errors are rather small and a good agreement between the individual vibrational states is achieved. The averaged gas temperature is 601 ± 12 K. In contrast, a span of 50 K lies between the highest and lowest gas temperature values determined with the linear fit and the fitting errors are much larger. Averaging over the obtained temperatures yields 737 ± 45 K and hence a much higher value compared to the two-temperature fit. One should therefore not restrict the measurements to the first five Q lines in general as slight deviations from linearity might not be obvious but they could lead to a large overestimation of the gas temperature.
Deuterium plasmas
For deuterium, the two-temperature distribution of the rotational population is also present in the investigated discharges. Figure 9 shows the distribution for the first four vibrational levels in a 1 Pa deuterium plasma together with a two-temperature fit for v ′ = 0. For the evaluations, the first 13 rotational levels have been considered, only for v ′ = 2 the line positions available in literature are restricted to the first eight levels. Strongly overlapped lines or lines where For v ′ = 0 a fit according to a twotemperature distribution is also shown. The energy levels of the particular rovibrational states have been taken from [48, 22] (the energy of high N -levels has been determined via a quadratic extrapolation from [48] ).
The fitting parameters obtained for varying nitrogen admixture to deuterium are summarized in Table 3 . In general the scatter of the measured rotational distributions is higher as in hydrogen. This arises from the fact that the single ro-vibrational emission lines are grouped more closely together what results in a larger overlap of the individual lines for deuterium. For a nitrogen content of 50%, the rotational populations of the v ′ = 2 and 3 states could not be determined any more due to strong overlap with nitrogen emission. Similar to hydrogen, the rotational temperatures show a decrease with increasing vibrational quantum number what can be attributed to the changing rotational constants. The obtained values of β are the same within the error bars for the states v ′ = 1, 2 and 3. Only the weighting factor in the v ′ = 0 level is higher as in hydrogen due to its population from multiple vibrational states in the electronic ground state. The ground state rotational population for the pure deuterium discharge is shown in Figure 10 . It has been determined from the averaged rotational distributions of the d 3 Π − u , v ′ = 1, 2 and 3 states and as with hydrogen, its shape is very similar to the ones obtained from rotational-state resolved recombinative desorption measurements [37, 39] . Table 3 : T rot, 1 , β, and T rot, 2 determined from the Fulcher-α transition for a variation of the nitrogen admixture to deuterium. The given errors reflect the ones obtained from the fitting procedure. As T rot, 2 (v ′ = 1, 2 & 3) is calculated from T rot, 2 (v ′ = 0) (see section 2), no error is given there. 48  -1890  2  --1774  3  --1703 For varying nitrogen content, the rotational temperatures and the weighting factors show the same dependency as observed in hydrogen. Furthermore, the absolute values of T rot, 1 and β are comparable to those obtained for H 2 . Only the hot rotational temperature is considerably smaller in deuterium indicating an isotope-dependency of the recombinative desorption process which has also been observed in general in [37, 39] .
The cold rotational temperatures projected into the electronic ground state are given in Figure 11 together with the gas temperature obtained from the second positive system of nitrogen. The values obtained from the Fulcher-α emission of D 2 are always below T gas from N 2 although the corresponding error bars still overlap. As no difference is detectable between hydrogen and deuterium concerning the gas temperature evaluated from the N 2 emission, it can be assumed that in contrast to hydrogen the cold rotational temperature determined from the Fulcher-α emission of deuterium underestimates T gas slightly. However, a definite statement is difficult as no independent measurement of the gas temperature is present in the pure deuterium discharge and the error bars of the cold rotational temperatures are rather large with nitrogen admixture.
Concerning the comparison of the gas temperature obtained from the twotemperature fit and the one from a linear fit of the first five rotational levels, the results are summarized in Table 4 . For the two-temperature fit, the agreement of the individual temperatures is very good whereas for the linear fit a span of T rot, 1 (X about 50 K is present. The overestimation by the linear fit is smaller compared to hydrogen, an average gas temperature of 600 ± 18 K is obtained whereas the one of the two-temperature fit is 568 ± 14 K. 
Summary
It is well known that typically a non-Boltzmann rotational distribution is present in the electronic ground state of the hydrogen molecule but direct measurements are complicated and expensive. Via the molecular Fulcher-α transition, an indirect determination of the relative ground state rotational population has been demonstrated both for hydrogen and deuterium. The obtained rotational populations can be described by a two-temperature distribution where the cold part is thermalized with the gas temperature and the hot part most likely arises from recombinative desorption of hydrogen from the discharge vessel wall. In general, no substantial difference between the rotational distributions for H 2 and D 2 has been found, only the hot rotational temperature is smaller in deuterium what points towards an isotope-dependency of the recombinative desorption process. The hot distribution is usually neglected when determining the gas temperature of a plasma from the Fulcher-α emission. This simplification can lead to a strong overestimation of the obtained value of T gas especially for hydrogen, whereas the effect is less pronounced for deuterium. Concluding, the Fulcher-α transition provides the possibility of an easy but sensitive measurement of the relative rotational population in the X 1 Σ + g , v = 0 state up to high rotational quantum numbers. An assessment of this population is highly relevant as the rotational excitation in the electronic ground state can have a considerable impact on molecular reaction rates in low pressure plasmas in addition to the widely acknowledged influence of vibrational excitation.
